To assess the effect of deep brain stimulation (DBS) in the pedunculopontine nucleus (PPN) and caudal zona incerta (cZi)-both separately and in combination-on motor symptoms and regional cerebral blood flow (rCBF) in patients with Parkinson disease (PD).
Postural instability and gait impairment are disabling symptoms in advanced Parkinson disease (PD). Subthalamic electrical deep brain stimulation (DBS) can improve gait in patients with PD in the "off " state. However, this improvement seems to be limited to those patients whose axial symptoms remain levodopa-responsive, even in late stages of the disease. 1, 2 Conversely, patients who have non-levodopa-responsive axial symptoms show minimal response of gait and posture to DBS and have an adverse outcome. 1, 3, 4 DBS of the pedunculopontine nucleus (PPN) is emerging as a treatment for non-levodoparesponsive postural and gait disorders in PD. A few pilot studies of PPN DBS in patients with PD have been published, with promising outcomes. [5] [6] [7] [8] [9] [10] However, the combined clinical efficacy of PPN and subthalamic DBS has not been extensively investigated. Functional imaging of regional cerebral blood flow (rCBF) in patients with PD has shown that subthalamic DBS helps normalize striatofrontal activation. 11 We investigated the relationship between clinical improvement and rCBF changes associated with PPN stimulation in isolation and in combination with stimulation of the subthalamic region/caudal zona incerta (cZi).
METHODS Primary objective. The aim of this study was to assess changes in Unified Parkinson's Disease Rating Scale motor score (UPDRS-III) and its axial subscore and rCBF in motor areas of brain following concomitant stimulation of PPN and cZI in patients with PD. This study provides Class IV evidence regarding the changes in the UPDRS-III and Class III evidence regarding the changes in rCBF.
Patients. We studied 4 male patients with idiopathic PD who had bilateral cZi and PPN DBS electrodes implanted. Patient details before surgery are described elsewhere. 10 Briefly, all patients had significant histories of falling, freezing, or postural instability in both "on" and "off " states.
The interval between DBS surgery and PET was 23.8 Ϯ 22.3 months (range 3-44 months). Table 1 summarizes clinical characteristics at the time of PET.
Surgical procedure, target sites, and stimulation parameters. All patients had simultaneous bilateral implantation of DBS leads (Medtronic DBS leads model 3389) into the cZi and PPN. There were no intraoperative complications. The technique used for targeting the PPN and the cZi has been described. 5, 10, 12, 13 A brief summary of the technique that we used to target the PPN is provided in appendix e-1 on the Neurology ® Web site at www.neurology.org. The correct positioning of the electrodes was determined with an intraoperative MRI. All patients were stimulated at both targets with 60 mcs pulse width at 60 Hz with similar contacts (cZi: left 2ϩ1Ϫ/right 6ϩ5Ϫ; PPN: left 3ϩ2Ϫ1; right 7ϩ6Ϫ5Ϫ with 1 exception where PPN was stimulated at 25 Hz with Cϩ3Ϫ2Ϫ1Ϫ left and Cϩ7Ϫ6Ϫ5Ϫ right) (details in table e-1). At the time of PET, all patients were stable on their optimized DBS settings for at least 1 month. These same stimulation settings were used during all the assessments performed in this study.
Clinical evaluations.
Clinical examination was performed a few days before PET. The UPDRS-III score was rated in both "off " and "on" medication states with no stimulation, cZi stimulation alone, PPN stimulation alone, and combined PPN/cZi stimulation. The order of stimulation patterns was randomized, allowing sufficient time (around 20 minutes) for the patients to have no residual effects from the previous setting.
For the "off " state clinical assessments (and PET), patients had their medications and DBS stopped overnight. The "on" state assessment was performed 1 hour after administration of 120% of the patient's morning levodopa dose.
The clinical outcome measures were the UPDRS-III scores. Changes in the axial subscores derived from items 27 to 30 (arising from chair, posture, gait, and postural stability) were also analyzed. Changes in motor function were analyzed using analysis of variance with a 2 ϫ 4 fully repeated measures design and a post hoc paired samples t test. The level of significance was set at p Ͻ 0.05.
PET.
The rCBF changes associated with DBS were detected with [ 15 O]-H 2 O PET. We used a CTI/Siemens 962 camera operated in 3D acquisition mode. 14 The following sets of 4 rCBF measurements "off " medication were performed: 1) "off " state (all stimulators switched off); 2) cZi stimulation alone; 3) PPN stimulation alone; 4) combined PPN/cZi stimulation. The sequence of assessments from the "off " stimulation state to the combined PPN/CZi stimulation was chosen to make the last part of the long scanning session more tolerable for the patients who were blind to the stimulation pattern.
There was a 20-minute rest between second and third session to allow transition between cZi stimulation alone and PPN stimulation alone. During this time the patient was asked to remain in the scanner. One patient asked to stop the scan during the fourth condition; however, 2 rCBF measurements of combined PPN/cZi stimulation were completed.
A 10-minute transmission scan was acquired before the first and the third set of rCBF studies for attenuation corrections.
PET data analysis. Statistical parametric mapping software (SPM5; www.fil.ion.ucl.ac.uk/spm) was used to coalign the individual PET images and to create an image of mean rCBF. These were spatially normalized into standard Montreal Neurological Institute stereotaxic space and smoothed using an isotropic 10mm, full-width half-maximum Gaussian kernel. Specific effects were investigated by using appropriate contrasts to create maps of Z scores. 15 We used a blocked analysis of covariance with global counts as a confound to remove the variance due to global from regional changes in perfusion across scans. Statistical maps were displayed at a threshold p Ͻ 0.01 (Z score ϭ 2.33), and all resulting activation clusters at a p Ͻ 0.05 corrected threshold are reported.
The following within-group analyses were performed: PPN stimulation alone compared to no stimulation, cZi stimulation alone compared to no stimulation, and combined PPN/cZi stimulation compared to no stimulation.
For each analysis, both decreases and increases in rCBF were interrogated. RESULTS Clinical examination. The mean changes in UPDR-III scores and axial subscores following DBS are detailed in tables 2 and 3. Combined PPN/ cZi stimulation produced greater improvement in UPDRS-III scores and axial subscores in comparison with isolated cZi and PPN stimulation, in both "off " and "on" states. However, the magnitude of clinical improvement induced by combined PPN/cZi was only significantly greater than that induced by cZi stimulation alone when the patients were medicated.
Standard
PET findings. Concomitant PPN/cZi stimulation resulted in significantly increased rCBF in multiple brain areas including those activated by isolated PPN stimulation (midbrain, thalamus, globus pallidus, and cerebellum) and those activated by cZi stimulation only (putamen, Brodmann area [BA] 10) (figure). Combined PPN/cZi stimulation induced significant rCBF Table 2 Changes in UPDRS-III score following deep brain stimulation decreases in sensorimotor cortical areas (bilateral BA 4, bilateral BA 6, and left BA 5) similar to those observed with cZi DBS (bilateral BA 4, left BA area 5, and left BA 6) but more extensive that those observed with PPN stimulation alone (left BA 5). SPM5 results are summarized in table 4 and more fully described in tables e-2 and e-3.
DISCUSSION
Our findings suggest that concomitant PPN/cZi stimulation induces cumulative functional changes in motor areas which is associated with an improved control of PD symptoms.
As previously reported, 6,10 the combination procedure seems to be particularly useful in alleviating symptoms still present in the "on" state-the magnitude of clinical improvement in UPDRS-III induced by combined PPN/cZi was significantly greater than that induced by cZi stimulation alone only after levodopa administration. In the "on" state, combined PPN/cZi stimulation improved the axial subscore by 31% compared to cZi stimulation, but this did not reach significance, probably reflecting our low power due to the few patients. The reason why combined PPN/cZi stimulation is more effective when patients are in "on" state remains unclear but it may increase the efficacy of exogenously administered therapy by influencing the intrastriatal dopamine and acetylcholine balance. 6 In line with our clinical observations, we found an additive effect on rCBF when combining PPN with cZi stimulation. Concomitant stimulation of both targets resulted in effectively combining the subcortical and cortical rCBF changes induced by stimulation of either target in isolation.
Our patients had PET withdrawn from medication, whereas the best effect of additional PPN stimulation on UPDRS-III score was observed when medicated. The effect of levodopa administration on the changes in rCBF observed with combined PPN/cZi stimulation needs to be assessed in future investigations.
It should also be noted that in this study cZi was stimulated at 60 Hz. When stimulating cZi at high frequency (130 Hz) in combination with PPN stimulation at 60 Hz or below we found that postural stability became impaired, whereas cZi stimulation to 40 Hz or below worsened tremor, rigidity, and bradykinesia. Therefore a compromise setting of 60 Hz at both targets was selected. We acknowledge that cZi stimulation in this study might be suboptimal and a direct comparison with the results of other studies where the subthalamic region was stimulated at higher frequencies should be done with caution. The rCBF changes following PPN stimulation in our patients were less widespread than those previously reported. rCBF increases in prefrontal areas have been noted during unilateral PPN stimulation. 16 The discordance between the patterns of rCBF changes following PPN stimulation may reflect the few patients in both studies giving reduced power to detect subtle changes. Alternatively, the lack of prefrontal activation in our patients may represent degeneration in the ascending cholinergic projections from the PPN to the frontal cortex, which has been described in advanced PD, especially in patients with axial symptoms. 17, 18 
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